We describe the construction and operation of a 109-nm, photoionization-pumped, single-pass laser in Xe III. The laser is pumped by soft x rays emitted from a laser-produced plasma in a traveling-wave geometry. Using a 3.5-J, 300-psec, 1064-nm laser pump pulse, we measure a small-signal gain coefficient of 4.4 cm-' and a total small-signal gain of exp(40). The laser is fully saturated and produces an output energy of 20 yJ in a beam with 10-mrad divergence.
109-nm laser is fully saturated over the second half of its length and produces an output energy of 20 yJ in a beam with 10-mrad divergence.
Population inversion of the 109-nm transition was proposed and demonstrated by Kapteyn et al. 1 ' 2 The inversion mechanism, outlined in the energy-level diagram of Fig. 1 , is inner-shell photoionization of a 4d electron, followed by Auger decay to Xe III. In this system, the Auger branching ratio is about 5% to both the upper and lower laser levels. The inversion results from the higher degeneracy of the lower level. Assuming only Doppler broadening, and ignoring hyperfine splitting, the gain cross section is 3 X 10-13 cm 2 .
Proposals for photoionization pumping of shortwavelength lasers and for Auger-pumped short-wavelength lasers were made by Duguay3 and by McGuire. 4 The possibility of constructing such lasers at low pumping energies was delineated by the work of Caro et al., 5 Silfvast et al., 6 and Mendelsohn and Harris. 7 Recently Yin et al. 8 showed that small-signal gain coefficients within a factor of 2 of those reported here could be produced with several joules of pump energy and, in addition, that the Xe III 109-nm gain can be limited by competing processes. Their work suggests that the most efficient use of pump energy requires a long, high-aspect-ratio geometry. Figure 2 is a schematic diagram of the travelingwave laser-produced-plasma excitation source. A 1064-nm laser is incident upon a cylindrical lens at 0 = 68 deg from normal and is focused onto a target that is parallel to the lens. This oblique focusing geometry has several advantages over the normal-incidence arrangements used in previous work. 1 ' 8 The large angle of incidence expands the length of the line focus by 1/ cos 0; therefore our 3.3-cm-diameter beam produces a 9-cm-long plasma. In addition, the pump laser sweeps across the target, and the leading edge of the plasma travels at a speed, c/sin 0, only 8% greater than that of light. The emitted soft x rays thus provide nearly synchronous traveling-wave excitation of the ambient gaseous medium.
In order to reduce the pump energy lost to grazingincidence reflection, grooves were cut into the target surface at a 45-deg angle, as shown in the inset of Fig.  2 . The grooved surface decreases the local angle of incidence of the p-polarized pump laser from 68 to 23 deg and divides the input beam to form many small, separated plasmas rather than one continuous line. The combined length of these plasmas is only slightly greater than the input beam diameter. As a result, the extended gain length can be pumped with increased 1064-nm intensity and improved soft-x-ray conversion efficiency.
All the experiments described here were performed with a 3.5-J, 300-psec FWHM pump laser with a repetition rate of 1 shot every 5 min. The 3.3-cm-diameter, spatially uniform input beam was compressed (using normal-incidence cylindrical optics) to 1.7 cm in the focusing dimension to increase the f-number of the constant. This behavior indicates that the forward beam is fully saturated and is extracting nearly all the stored energy from the second half of the length. The vertical scale of Fig. 4 was calibrated in units of energy by replacing the monochrometer-based detection systems with a fast (350-psec), calibrated vacuum photodiode (A1 2 0 3 photocathode) and a calibrated LiF window. The increase of energy with length was identical to that in the emission measurements made using The observed excited volume was defined by two plates separated by 1.5 mm, through which the 1064-nm pump laser was focused, and by two 2-mm-diameter pinholes on an axis 1.5 mm above the target and located 2 cm from the ends of the line focus. We monitored the 109-nm emission in the forward and backward directions simultaneously, using two 0.2-m VUV monochrometers coupled to windowless channel electron multipliers. A 1-mm-thick LiF window isolated each of the monochrometers from the Xe cell. To avoid saturation of the electron multipliers, we used calibrated LiF and 02 gas cell attenuators to achieve the 105 dynamic range required in these experiments.
The small-signal gain on the 109-nm transition was determined from measurements of time-integrated emission (the 109-nm pulses were shorter than the 700-psec response time of the detection system) as a function of length. The length of plasma on the target, and hence of the gain medium, was varied by masking the input laser beam. Figure 3 shows the increase in forward-propagating emission with length for three short sections of the target. A simple exponential fit to the data yields an average, time-integrated, small-signal gain coefficient of 4.4 cm-. This is a 70% improvement over the value obtained with a smooth, gold-plated target. Based on the measured, uniform small-signal gain coefficient, unsaturated amplification along the full 9 cm of length would provide a total gain of exp(40), or 170 dB.
The large-signal behavior of both the forward and backward 109-nm laser emission is shown in the semilog and linear plots of Figs. 4(a) and 4(b) , where each symbol represents the average of at least three data points. For short gain lengths, the slopes of the forward and backward energy versus length curves [on the log scale in Fig. 4(a) ] are approximately the same. Beyond 4 cm of length, the forward beam grows linearly [ Fig. 4(b) ], while the backward emission remains the monochrometers. The maximum energy output was 20 AJ in the forward direction and 0.4 MJ in the backward direction, yielding a forward-to-backward emission ratio of 50:1. By visual observation of fluorescence on a scintillator located 90 cm from the target, and by translation of the vacuum photodiode in this plane, we estimate a forward beam divergence of 10 mrad. This small divergence is consistent with the large aspect ratio (length/width , 60) of the geometry. The pulse width of the 109-nm laser emission was less than the 350-psec time resolution of the photodiode, which implies an output power greater than 50 kW.
Assuming that the measured energy is extracted predominantly from the last 6 cm of gain length, the total energy stored in the observed volume is 30,gJ, or about 10-5 of the 1064-nm pump energy. Taking the cross-sectional area of the laser to be 0.03 cm 2 , we calculate an energy density of 110 AJ cm-3 stored in the 109-nm inversion. Given the atomic parameters of the system, 2 i.e., an average 4d photoionization cross section of 15 Mb between 70 and 130 eV, the 5% Auger yield, and -12% quantum efficiency, we can deduce a conversion efficiency of 1064-nm light to useful soft x rays of approximately 2%.
The relationship of the observed gain behavior to the measured stored energy is complicated by the transient nature of the population inversion. The spontaneous lifetime of the upper level is 4.75 nsec, 2 but the inversion lifetime and the pulse length are governed by stimulated decay and are on a scale with the transit time of the gain medium. The large forward-to-backward emission ratio imparted by the traveling-wave excitation can be explained in terms of competition between the two beams. Although the slopes of the forward and backward energy-versuslength curves in Fig. 4(a) are similar for the shorter lengths, the forward beam reaches saturation earlier and, therefore, dominates in the second half of the length.
In this research we have demonstrated single-pass gain saturation of a photoionization-pumped laser.
We have employed a traveling-wave laser-producedplasma geometry that efficiently excites an extended gain length using only a few joules of pump energy. These results represent a significant step in the development of practical photoionization-pumped lasers.
